Abstract
Introduction
State-of-the-art frequency standards, such as hydrogen masers, generate stable reference frequencies in support of precision measurements made in the NASA/JPL Deep Space Network (DSN) . DSN applications of frequency standards include support of unmanned space projects, flight radio science, radio and radar astronomy, very long baseline interferometry, geodynamic measurements and gravitation wave detectionl. The distribution of reference frequencies to multiple remote users in the DSN is accomplished through a frequency distribution system. A frequency distribution system is required to distribute the reference frequencies over distances as great as 30 km from the frequency standard to the subsystems that use them. The distribution system must also have minimal impact on the stability of the transmitted reference frequencya.
The stability of present frequency standards has an Allan variance on the order of 8 x 10 -16 for 1000 seconds averaging times. Researchers expect future frequency standards to be improved by an order of magnitude over this value.
The degradation of the distributed reference frequency is primarily due to the variations in the group delay in the transmission mediumz. A constant rate of change in group delay (D) adds a constant frequency offset A / , but does not degrade the frequency stability. If the rate of change of group delay is not constant the frequency stability is degraded by, CH2588-2/88/0000-478 $1.00
where f is the transmitted frequency. Temperature change is the primary cause of group delay variations in a cable. For a step change in temperature ( A T ) , the change in frequency offset A / is related to the temperature coefficient of delay (a) and time constant of the fiber ( 5 ) by,
From equation (2) There is a continuing program at the Jet Propulsion Laboratory to develop fiber optic frequency distribution systems for stable reference frequency distribution. The subject of this paper is an electronic control system used to reduce group delay variations in a fiber optic cable.
Hethod of Stabilization Phase Coniuaation
The stabilized fiber optic distribution system described in this paper uses the phase conjugation method of stabilization. This method is used because it does not require a variable delay device in the two way signal path, as required by other methods. The variable delay device must have a range of delays equal to the group delay variation to be reduced and must have exactly the same phase delay in both directions at all times.
Devices meeting these requirements are difficult to implement, particularly in optical fiber.
In the conjugation method (Figure l) , as in most cable stabilization methods, the signal propagates through the optical fiber in both directions. Therefore, the midpoint of the round trip signal path is at the far end of the cable. The system maintains a conjugate (antisymetric) relationship to the reference between the forward signal and the reverse signal at the input to the fiber. The phase modulo 2 n ( e , ) at the far end of the cable is, where : 0 , = the reference phase modulo 2 n , a n d 8 , = t h e d e l a y p h a s e modulo 2 n .
With the conjugate relationship satisfied, the phase at the far end of the cable is the same as the reference phase and the two way link is stabilized.
Svstern DescriDtion
The stabilized fiber optic distribution system is electronically controlled and uses the conjugation method to maintain frequency stability. The distribution system consists of a reference unit, located at the reference frequency source, and a remote unit, located at the site receiving the reference frequency ( Figure   2 
) -
The reference unit consists of the phase conjugator, a fiber optic transmitter, a fiber optic receiver, a phase lock loop (PLL) and a fiber optic coupler. The phase conjugator compares the phase at the transmitter and receiver of the reference unit and uses a voltage controlled oscillator (VCO) to maintain a constant phase at the remote unit. The conjugator requires a 100 MHz reference signal and a 20 MHz auxillary signal. A previous phase conjugator design used a single 100 MHz reference signal, but required two precisely matched phase detectors and tightly controlled signal levels4. The latest design is much easier to implement because a single phase detector is used to measure the phase error. The modulated optical signal passes through a two way optical coupler into the fiber. A 5 0 / 5 0 mirror at the remote unit reflects half of the optical signal back toward the reference unit. The other half of the optical signal passes through the mirror to an optical receiver. The receiver demodulates the optical signal and amplifies the resulting 100 MHz RF signal. A PLL filters the signal which is used as a remote reference frequency. The reflected optical signal returns to the reference unit where it passes through the optical coupler and is detected by another optical receiver and filtered by another PLL. Mixer M3 receives the resulting 100 MHz signal. With the signal back at the reference unit, the system loop is closed. In order to meet the condition in (14), the VC0 must add the phase, n e , = q -e , .
Combining equations ( 8 ) , (9) , and (15) gives ,
Equations (16) and (17) show that signals E , and E , are conjugate in 8,. Combining equations (13) and (15) gives, Thus, the phase of the output signal is offset from the phase of the reference signal by n / 4 , but is completely independent of the delay in the two way portion of the signal path.
pvnamic halvsis
The dynamic analysis shows the closed loop response and the error response of the system5, taking into account the various gains, bandwidths and damping factors in the system (Figure 3) . The transfer functions for mixers M2 and M3 are,
MIXER ~2 e,(s) -k , [ e , ( s ) -e , ( s ) ] ( 1 9 )
where k , is the gain of the mixers. The transfer function of the phase detector is # where kd is the gain of the phase detector, and the ILF transfer function is, ( 2 2 ) where, G , -additional gain of ILF. and
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In equation (23 Equations (29) and (30) were evaluated using LOTUS 1-2-3. The system stability was examined by determining the frequency response of the closed loop transfer function and the error transfer function as various parameters were varied. The gains of the mixers, phase detector and VC0 were determined by testing the components, but the bandwidths, damping factors and additional gains were varied for optimum system design. Damping factors were varied from 0.7 to 1.4. The bandwidths of the inner loop and the PLLs were determined from the spectral noise characteristics of the reference frequency (hydrogen maser) , the VC0 and the fiber optic link. Different delays could also be examined.
The P U in the reference unit cleans up the signal and maintains a high signal to noiee ratio and a constant amplitude into the phase detector. Its bandwidth is determined by the intersection of the spectral noise of the VC0 and the fiber optic link (Figure 4) . This allows the high fiber optic link stability to be attained for low offset frequencies and the low noise of the VC0 at high offset frequencies.
The 7 dB bandwidth of the PLL is related to the cross over frequency by, The optimum inner loop bandwidth is dependent on the noise spectrum of the reference frequency to be transmitted. Two conditions determine the bandwidth of the inner loop. First, the inner loop bandwidth must be much smaller ( 5 0 times) than the bandwidth of the PLL in the reference unit for system stability. Secondly, the inner loop bandwidth must be wider than typical variations in the fiber (10 min.). There is also a PLL at the remote unit to clean up the signal, but the signal out of this PLL is not returned to the reference unit and thus does not affect the system stability. The bandwidth chose for the PLL in the remote unit is dependent on the spectral noise of the reference source, but will be approximately the same as the inner loop bandwidth.
The Measurements km length of fiber optic cable containing preliminary tests were performed on a 1 4 fibers connected in series for a total length of 4 km to determine its temperature coefficient of delay. The cable was wound on a test rack that allowed circulation of air ( Figure  6 ). The test rack was placed in an environmentally controlled test chamber, where temperature, pressure and humidity can be varied. A 100 MHz signal was transmitted from a hydrogen maser through the fiber while the phase between the transmitted end and the received end were monitored. The temperature was then stepped from 15 to 35 'C (Figure 7 ) . In this arrangement, the phase between the transmitted end and the received end of the fiber optic cable changed 89 degrees over 9 hours. The measured temperature coefficient of delay for the fiber was 6 . 4 9 ppm/"C.
A breadboard stabilizer (figure 8 ) was assembled and tested using the parameters obtained from the dynamic analysis. Tests were performed on the stabilizer by varying the temperature of the fiber and monitoring the signal phase across the link. The system was initialized by using Figure 10 is the conjugation error. Phase variations at the fiber optic transmitter and the receiver in the reference unit were approximately 90 degrees, while the phase at the remote unit varied only 2 degrees, for an overall correction of 4 5 times. By comparing the two graphs in Figure 11 , we see that the phase variation at the remote unit is probably due to the conjugation error at the start of the test.
RF leakage and poor signal to noise ratio in the breadboard system appears to limit the correction factor to a value smaller than the theoretical limit. Additional power supply filtering has been added to the modules in the system and optical losses have been reduced. Further testing will determine the level of improvement achieved.
The amount of correction needed can be determined from Figure 11 . This figure shows stability curves for a typical hydrogen maser, a 14 km fiber optic link, and an estimated plot of a 29 km link needed at the Goldstone Deep Space Communications Complex. Also shown is the stability limit imposed by the signal to noise ratio of the present fiber optic link. The figure shows that a correction of 20 times is sufficient to reduce the link stability to the level imposed by the signal to noise ratio or to a level 10 times better than the hydrogen maser.
Conclusion
A fiber optic cable stabilizer system has been designed, breadboarded and tested. The stabilizer is based on a conjugation system, and operates by comparing the input phase to the phase of the round trip returned signal. The performance of the stabilizer was analyzed, and based on the analysis a breadboard model was fabricated and tested. The test results indicate that the system has achieved adequate group delay reduction to be suitable for use in the DSN. Several needed improvements have also been identified. The system analysis also indicates that this approach will be adequate to meet the distribution requirements of future frequency standards. 
